As human population size increases and cities become denser, several urban-related selection pressures increasingly affect species composition in both terrestrial and aquatic habitats. Yet, it is not well known whether and how urbanization influences other facets of biodiversity, such as the functional and evolutionary composition of communities, and at what spatial scale urbanization acts. Here we used a hierarchical sampling design in which urbanization levels were quantified at seven spatial scales (ranging from 50 to 3200 m radii). We found that urbanization gradients are associated with a strong shift in cladoceran zooplankton species traits, which in turn affected phylogenetic composition of the entire metacommunity, but only when considering urbanization at the smallest spatial scale (50 m radius). Specifically, small cladoceran species dominated in more urbanized ponds whereas large-bodied, strong competitors prevailed in less urbanized systems. We also show that trait and phylogenetic metrics strongly increase the amount of variation in b-diversity that can be explained by degree of urbanization, environmental and spatial factors. This suggests that the mechanisms shaping b-diversity in our study system are mediated by traits and phylogenetic relatedness rather than species identities. Our study indicates that accounting for traits and phylogeny in metacommunity analyses helps to explain seemingly idiosyncratic patterns of variation in zooplankton species composition along urbanization gradients. The fact that urbanization acts only at the smallest spatial scale suggests that correctly managing environmental conditions locally has the power to counteract the effects of urbanization on biodiversity patterns. The multidimensional approach we applied here can be applied to other systems and organism groups and seems to be key in understanding how overall biodiversity changes in response to anthropogenic pressures and how this scales up to affect ecosystem functioning.
Introduction
Understanding how multi-scale anthropogenic pressures influence biodiversity patterns is a key goal in conservation biology and modern community ecology. As human population increases and cities become denser, several urban-related selection pressures have been shown to increasingly affect biodiversity patterns across spatial scales (Grimm et al. 2008) . Increased pollution and higher temperatures in urbanized areas, amongst others, can act as a filter on species composition and affect local community assembly (Arnfield 2003 , Kaye et al. 2006 . At the regional scale, urbanization can affect the spatial configuration of habitat patches and thereby influence dispersal rates among populations and communities (Urban et al. 2006) . Integrating local and regional scale processes in analyses of metacommunity assembly along urbanization gradients can provide a useful framework to understand biodiversity patterns under realistic scenarios of global change.
Traditionally, metacommunity studies have quantified the relative importance of spatial and environmental processes on variation in species composition among habitat patches (Cottenie 2005 , Logue et al. 2011 ). An important source of criticism on this traditional approach is that it is blind to ecological similarities and differences among species (McGill et al. 2006) . It has been increasingly recognized that differences in functional traits are key in determining diversity patterns within and among communities (Spasojevic et al. 2014 , Liu et al. 2016 . Therefore, accounting for species functional traits in metacommunity analyses may provide a more accurate understanding of biodiversity drivers (Spasojevic et al. 2014 , Gianuca et al. 2016a ). Yet, it is often unfeasible to a priori identify or quantify all relevant traits for multiple species at the metacommunity scale. An alternative approach to increase ecological realism is to account for species phylogenetic distances in metacommunity analyses, which may provide a more comprehensive representation of the multidimensional niches of species ( Fig. 1) (Mouquet et al. 2012 , Peres-Neto et al. 2012 ). This metacommunity phylogenetics approach assumes that functional differentiation among species is correlated with divergence time from a common ancestor, so that closely related species are expected to respond similarly to environmental and spatial gradients (Graham and Fine 2008, Wiens et al. 2010) .
In freshwater systems, urbanization has been shown to affect taxonomic patterns of metacommunity structure (Urban et al. 2006 , Johnson et al. 2013 , but it remains an open question whether and how urbanization affects the distribution of traits and evolutionary history in freshwater metacommunities, and at what spatial scale urbanization acts. This is a pressing question because changes in the functional and phylogenetic composition of metacommunities in response to urbanization can influence fluxes of energy and organic matter through the food chain in aquatic systems (Thompson et al. 2015 , Gianuca et al. 2016b ) and thus affect the provisioning of ecosystem services to human populations. In freshwater zooplankton, body size is considered a strong response trait because it determines the position of species along gradients of productivity, fish predation pressure, pollutants, and temperature (Brooks and Dodson 1965 , Moore and Folt 1993 , Gianuca et al. 2016a , and some of these factors are expected to change with urbanization. At the same time, zooplankton body size is also considered a key effect trait determining competitive strength and the capacity of top-down control of algae (i.e. larger species are superior grazers) (Brooks and Dodson 1965, Gianuca et al. 2016b) . Therefore, size mediated species responses to urbanization will likely influence local species interactions and affect ecosystem processes, such as grazing pressure and herbivorous biomass production (Thompson et al. 2015 , Gianuca et al. 2016b . Besides the important role of zooplankton body size in determining community assembly and ecosystem processes, other less explored functional traits such as filtration type and the degree in which species are associated with plants, can be key in shaping species interactions and species replacements along environmental gradients (Declerck et al. 2007 , Vogt et al. 2013 Figure 1 . Scheme depicting hypothetical scenarios of taxonomic, functional (trait), and phylogenetic b-diversity patterns along an urbanization gradient. Rectangles indicate three local communities (A; B; C) sampled along the urbanization gradient. (a) Scenario where urbanization acts as a filter on particular species traits, that results in a strong pattern of trait turnover, which is also accompanied by phylogenetic turnover because the measured trait(s) are conserved along the phylogeny (e.g. body size, represented by the size of the circles). At the taxonomic-level, all three local communities have maximum turnover (i.e. no species identities are shared among communities), so that the degree of taxonomic turnover remains unchanged along the environmental gradient. (b) Scenario where the measured traits are uninformative and labile (e.g. size varies randomly along the phylogeny), whereas phylogeny is more informative because it represents unmeasured traits that respond to the urbanization gradient (represented by matching environmentbranch colors along the gradient).
of species responses to urbanization by better approximating species niches (Knapp et al. 2012) , although in some instances confounding effects among contrasting traits can negatively influence the power of multi-trait indices (Butterfield et al. 2013 , Gianuca et al. 2016a ).
To the extent that measured and/or unmeasured functional traits are phylogenetically conserved, trait shifts along urbanization gradients will also affect the phylogenetic composition of entire metacommunities, with important implications for conservation of evolutionarily distinct taxa (Fig. 1a) (Helmus et al. 2010 , Rolland et al. 2011 , Faith 2015 . However, when measured traits are labile, trait and phylogenetic patterns can be decoupled and provide complementary insights into community assembly along urbanization gradients (Knapp et al. 2008) . A stronger functional trait than phylogenetic response to urbanization would indicate that phylogeny does not capture information on traits that respond to urbanization. Conversely, a weaker functional trait than phylogenetic response to urbanization would indicate that measured traits are unresponsive whereas phylogenetic distances represent variation in unmeasured traits that strongly respond to urbanization (Fig. 1b) . If species with similar functional traits replace each other from site to site along the urbanization gradient, then functional redundancy emerges at the metacommunity scale, resulting in higher taxonomic than functional (or phylogenetic) turnover.
In order to test whether and how urbanization can affect the taxonomic, functional and phylogenetic composition of cladoceran zooplankton metacommunities, we sampled 81 ponds and shallow lakes along an urbanization gradient and applied a multidimensional approach based on taxonomic, trait and phylogenetic data. For the trait-based approach we first considered a single key functional trait (i.e. body size) and then combined multiple traits in trait-based metrics. By using a hierarchical sampling design we assessed at what spatial scale urbanization acts on different dimensions of biodiversity. We test three key hypotheses. First, we hypothesize that environmental change in highly urbanized settings [e.g. due to increased pollution and higher temperatures (Arnfield 2003 , Kaye et al. 2006 , Grimm et al. 2008 )], will lead to habitat filtering against specific traits, which may also lead to a phylogenetic signal in species turnover if the traits that are selected against are phylogenetically conserved. One potential such effect in cities, amongst others, is the urban heat island effects (Oke 1973 , Arnfield 2003 , which may select against large-bodied species (Brans et al. 2017) . Second, we test the hypothesis that trait-and phylogeny-based approaches provide more explanatory power on metacommunity structure along urbanization gradients than the traditional taxonomic approach that treats all species as equally differentiated from each other. Third, we hypothesize that the three approaches (taxonomy, traitbased and phylogenetic) may capture different aspects of metacommunity structure, so that the relative importance of urbanization and specific environmental and spatial factors in explaining variation in species, functional (traits) and phylogenetic composition differs. The latter would imply that different conservation strategies are needed to preserve different dimensions of biodiversity.
Methods

Study site selection
We used a stratified hierarchical design, which enabled us to differentiate between local and regional effects of urbanization. Based on an a priori GIS analysis (GIS software package ArcView GIS 3.2a, ESRI) of the percentage of built-up area, i.e. percentage of area covered by buildings (Large-scale Reference Database, Flanders Geographical Information Agency (Agiv 2013); scale: 1:250-1:5000), we sampled an urbanization gradient at both a regional (consisting of 3 by 3 km plots) and local scale (comprising of 200 by 200 m subplots). We defined three specific urbanization classes: high ( 15% built-up area), medium (5-10% built-up area), and low ( 3% built-up area) urbanization. Because built-up area only refers to buildings (not roads, parking lots, etc.), a 15% built-up area translates already into a very high level of urbanization. For each class we then selected nine plots at the regional scale (i.e. 27 plots in total), and within each of the plots three ponds were chosen based on the three different urbanization classes at subplot level, using the same gradient in urbanization. So we sampled the same gradient in urbanization at the very local (200  200 m) as well as at a more regional (3  3 km) scale, and both measures of urbanization were shown to vary independently from one another (Engelen et al. unpubl.) . For the low urbanization level, an extra condition was added for the selection of plots: the area should contain at least 15% of biologically valuable land, to ensure that these low urbanized regions would be relatively high in natural land, and not only dominated by intensive farmlands, which are typically also characterized by low urbanization but are heavily impacted by human activities (Declerck et al. 2006) . We selected ponds distributed over a polygon around the big cities of Ghent, Brussels, Antwerp, and Leuven (approx. 5000 km 2 ). Special care was taken that only land use was applied as selection criterion, and not the aspects of the ponds themselves (e.g. macrophyte cover, water transparency). We conducted a survey by means of electrofishing in most ponds in order to check whether we indeed selected only fishless ponds. Fish were observed in a minority of ponds, and only in very low numbers. Because the electrofishing technique is not entirely reliable to detect fish when they occur in very low abundances, we refer to the ponds as being fishless (most ponds are small and isolated and if not stocked are guaranteed fishless) or at most having very low densities of fish.
During May-July of 2013, a total of 81 small ( 1 ha) but permanent ponds were surveyed over a period of 42 d starting from end of May until beginning of July. To avoid interference from an effect of sampling time and any directional change in environmental condition associated with it, the order of sampling along the urbanization gradient was randomized over the different plot levels. Each day three ponds of an individual regional plot, and thus representing three different urbanization classes within a given plot, were sampled. Across days we randomized the plots to be sampled so that there was no bias with respect to region or urbanization level. We tested for an effect of sampling time on pond environmental conditions and species composition, and the effect proved to be non-significant (see Supplementary material Appendix 1 for details).
Sample collection and analysis
Physical, chemical and morphometric pond variables were determined (see Supplementary material Appendix 1 for a detailed description of the sample collection protocol and the environmental variables that were assessed). Standard water characteristics were measured for each pond (pH, oxygen concentration, conductivity, water transparency). We analyzed water samples for the concentration of chlorophyll a, nutrients (total phosphorus and nitrogen), suspended matter, dissolved organic carbon, alkalinity, hardness and several major ions (calcium, chloride and sulphate ions). Water depth was measured with a graduated stick along an orthogonal transect of the pond. For each pond, a depthintegrated water sample was taken for cladoceran zooplankton community in both the pelagic and littoral zones of the pond, by means of a tube sampler. A subsample of this volume of water was then filtered over a 64 mm sieve; this subsample ranged from 20 up to 40 l of water, depending on the zooplankton densities in the water. Samples were then fixated with formalin (7%) and stored in a 60 ml vial for posterior species identification.
For each sample a minimum of 300 individuals were counted and identified to species level. When no new species were found in the last 100 specimens, further determination of the sample was stopped. Densities were calculated as number of individuals per liter sample. For the community analysis, we removed ponds (n  9; 11% of sampled ponds) in which less than two species were detected.
Land use data
The aim of the a priori pond selection, based on a hierarchical design, was to ensure that the ponds that were selected would cover the entire range of urbanization, and that urbanization level would not be confounded across spatial scales, but instead replicated independently for the regional and local scale. Our sampling design ensured that there were as many 'rural' as 'urban' subplots sampled within an urban or within a rural regional plot. This design was very important for us to be able to test for the independent effect of gradients of urbanization across spatial scales. However, rather than to just use these two spatial scales in our data analysis, we opted for a more detailed analysis across different spatial scales. To that end, we quantified percentage land use cover across seven different spatial scales (i.e. in radii of 50, 100, 200, 400, 800, 1600 and 3200 m around the pond). This approach is more refined and informative because it enables quantifying urbanization as a continuous variable across seven spatial scales instead of using a categorical classification of urbanization at two spatial scales (i.e. plot and subplot levels).
The percentage cover of land use types was estimated for circular areas with centre at the location of the ponds and a radius of 50, 100, 200, 400, 800, 1600, and 3200 m from the pond. The land use types discerned were 1) built-up area; 2) arable land, 3) nature, 4) grassland, 5) cropland, and 6) forest. The category nature here implies all green (natural) area that was not included in forest or cultural grassland area (such as meadows, swamps, wetlands, taluds, ditches and dikes). Coverage data were obtained through the application of the GIS software package ArcView GIS 3.2a ( 
Trait and phylogenetic distances among species
We extracted information from literature on three key zooplankton functional traits for all 23 species occurring in the metacommunity: body size, filtration type, and the degree in which species are associated with submerged plants; trait values and associated references can be found in Supplementary material Appendix 1. The first trait, body size, has been repeatedly shown to determine vulnerability to predators, competitive strength, and grazing performance of zooplankton, which makes this trait both a key response and effect trait (Brooks and Dodson 1965 , Burns 1969 , Gianuca et al. 2016b ). Additionally, this trait is often positively correlated with life history traits (e.g. number of eggs produced throughout the lifespan) (Lynch 1980 ) and negatively related with physiological traits determining vulnerability to high temperatures and pollutants (Moore and Folt 1993) . The other two traits, filtration type and plant association, determine resource partitioning and (micro)habitat segregation, respectively, and can be important for stabilizing coexistence among species that differ in competitive ability (e.g. small versus large species) (Barnett et al. 2007, Mayfield and Levine 2010) . We first calculated body size distances among all species occurring in the metacommunity based on Euclidean distances using the 'vegan' package (Oksanen et al. 2016) in the R ver. 3.2.4 (R Core Team). Then, we calculated a trait distance matrix based on all three traits combined. Because body size is a continuous variable whereas the other traits are categorical, we used Gower's distance to calculate this combined trait distance matrix (Borcard et al. 2011) .
To assess phylogenetic distances among species, we calculated (cophenetic) phylogenetic distances among all species present in our metacommunity using the package 'picante' (Kembel et al. 2010) in R. To do this, we used a recently published molecular phylogenetic tree for cladocerans occurring in Belgium [for details on phylogenetic reconstruction, see Gianuca et al. (2016a) and supplementary information therein].
Statistical analysis
Phylogenetic signal in traits
The degree to which the measured traits show a phylogenetic signal was assessed by means of a two-step procedure consisting of a general Mantel test followed by a test based on the the Brownian motion evolutionary model (i.e. EM-Mantel; Debastiani and Duarte 2016) . This adaptation of the Mantel test has appropriate type I error and strong power to detect phylogenetic signal for both continuous and categorical traits (Debastiani and Duarte 2016) . The approach is based on two steps. First, a standard Mantel test is performed to assess the correlation between the phylogenetic distance and the functional trait distance matrices (here trait distances were calculated using Gower's distance based on all traits). If, and only if, this test is significant (p  0.05), the second step is to test whether such correlation between phylogeny and traits is higher than what would be expected by chance given a specific evolutionary model (for more details, please see Debastiani and Duarte 2016). Here we used the Brownian motion evolutionary model, which assumes that differentiation in traits is proportional to evolutionary time among species. Alpha values less than 0.05 would indicate that the measured traits are more conserved than what would be expected by such evolutionary model. Note, however, that this method does not allow comparison of the magnitude of phylogenetic signal for different traits (such as that obtained through the K-statistic).
Phylogenetic and trait b-diversity
Phylogenetic b-diversity was calculated based on the phylogenetic distance matrix using mean pairwise phylogenetic dissimilarity among pairs of local communities (Swenson 2014) , using the function COMDIST in R package 'picante' (Kembel et al. 2010) . We also used COMDIST to calculate functional b-diversity metrics based on both the body size distance matrix and the multi-trait distance matrix. Abundance values of species were used when calculating both functional and phylogenetic b-diversity. The use of COM-DIST for both trait and phylogenetic-based information allowed us to work with comparable metrics for trait and phylogenetic distances. Then, we applied principal coordinates analysis (PCoA) over the COMDIST dissimilarity matrices individually (i.e. COMDIST based on phylogeny, COMDIST based on body size, and COMDIST based on the three traits combined) (Swenson 2014) . The final product is a matrix of orthogonal PCoA eigenvectors, each of them describing phylogenetic and trait b-diversity patterns, which can be used as response variables in constrained ordinations (Anderson and Willis 2003, Duarte et al. 2012 ).
All eigenvectors generated by PCoA could in principle be used as descriptors of b-diversity patterns in successive analyses, but using all of them might introduce confounding effects in the analyses. As each eigenvector represents an orthogonal synthetic variable of the gradients in b-diversity patterns, it is likely that some of these gradients are unexplained by the measured factors. We therefore made a selection of a subset of orthogonal eigenvectors that maximizes the fit between patterns of b-diversity (functional or phylogenetic) and the set of explanatory variables. The selection of the most appropriate number of PCoA eigenvectors to be used in subsequent analyses, was done by following the procedure proposed by Anderson and Willis (2003) , which optimizes the fit between response and explanatory variables (for more details see Supplementary material Appendix 1).
Generating spatial descriptors
We used the geographical coordinates (UTM) of the sites to generate principal coordinates of neighboring matrices (PCNM) for Moran eigenvector maps (Griffith and PeresNeto 2006) . This technique allows assessing multiple spatial structures over the entire range of scales covered by the geographical sampling area. The first PCNMs generated in the analyses represent broader spatial structures, while the last ones cover finer spatial scales (Borcard and Legendre 2002) .
Patterns along the urbanization gradient
To test how variation in species composition, functional traits and lineages were influenced by urbanization across spatial scales, we first selected the most parsimonious subset of urbanization variables to be used as explanatory variables. To do this, we used the method proposed by Blanchet et al. (2008) , which is based on two criteria: 1) the significance alpha level of 0.05 and; 2) the adjusted-R 2 of the global model. Based on the resulting subset of explanatory variables describing the urbanization gradient, we performed standard regression analyses using as response matrices: 1) the PCoA eigenvectors describing patterns of functional b-diversity; 2) the PCoA eigenvectors describing patterns of phylogenetic b-diversity; 3) the Hellinger-transformed species abundance data; 4) the PCoA eigenvectors describing Bray-Curtis dissimilarities in species composition. The latter two response matrices are two alternative approaches for the taxonomic metacommunity analysis. The Hellinger-transformed species abundance data is the standard approach, whereas we also applied the approach based on PCoA eigenvectors describing dissimilarities in species composition to increase the similarity in procedures with the functional and phylogenetic metacommunity analysis. This was done to avoid that differences in the amount of explained variation would be due to differences in the number of dependent variables in the analysis (see Supplementary material Appendix 1 for details on the taxonomic approach based on PCoA).
Quantifying the relative importance of urbanization, environment and space on b-diversity
In order to understand how the different dimensions of b-diversity (i.e. taxonomic, functional and phylogenetic) are influenced by more complex, multivariate gradients, we used variation partitioning. Variation partitioning allows disentangling the variation in community data (here also weighted by trait and phylogenetic distance) among different sets of predictors (Borcard et al. 1992 ). In our case the analysis will allow to estimate the unique and shared contributions of urbanization, environmental and spatial factors to community structure. To run a traditional taxonomic-based variation partitioning analysis we used Hellinger-transformed species abundances per site (i.e. individuals/liter/pond) as the response matrix. We performed an additional taxonomic-based variation partitioning analysis on Bray-Curtis dissimilarity coefficients followed by PCoA (see Supplementary material Appendix 1 for details) in order to check whether differences in the explanatory power between taxonomic and functional/ phylogenetic approaches were not due to the number of response variables included in the model. Observed patterns of the two taxonomic approaches were very similar, thus we report only the results obtained through the Hellinger-transformed approach in the main text (see Supplementary material Appendix 1 for the results of the Bray-Curtis analysis). To run variation partitioning on trait and phylogenetic data we used the selected eigenvectors describing phylogenetic and trait b-diversity patterns, respectively, as response variables. Before performing variation partitioning, explanatory variables were selected using forward selection (Blanchet et al. 2008 ). We selected the most parsimonious subset of urbanization, environmental and spatial variables for each biodiversity dimension separately (i.e. taxonomic, trait and phylogenetic). This allowed us to maximize the fit between explanatory and response data matrices while minimizing type I error. All analyses were run in R ver. 3.2.4 (R Core Team).
Results
Phylogenetic signal in traits
Standard Mantel test revealed a strong correlation between trait and phylogenetic distances (p  0.001). In addition, EM-Mantel indicated that the measured traits are more conserved along the phylogeny than what would be expected by a Brownian motion evolutionary model (p  0.001).
Number of PCoA eigenvectors selected as response variables
Only the first PCoA eigenvector was selected as response variable for both functional (multi-trait and body size alone) and phylogenetic analysis. For the taxonomic approach, the first two PCoA eigenvectors were selected as response variables for the variation partitioning analysis (environment versus space), but no eigenvector was actually selected as response variable when analyzing taxonomic patterns exclusively along the urbanization gradient.
Patterns along the urbanization gradient
From the seven built-up measurements across spatial scales, only the percentage of built-up area at the smallest scale (50 m) was selected through the forward selection approach as a significant predictor, and this for all biodiversity dimensions (i.e. taxonomic, trait and phylogenetic; p  0.05; Table 1 ). We found that degree of urbanization was a weak albeit significant predictor of taxonomic turnover (i.e. variation in species composition; Hellinger-transformed) ( adj R 2  0.04, p  0.05). There was, however, a strong turnover in body size along the gradient of built-up area ( adj R 2  0.20, p  0.001). Specifically, larger species dominated in more rural ponds whereas smaller species prevailed in more urbanized systems (Fig. 2 , see also Supplementary material Appendix 1 Fig. A2a) . Similarly, accounting for multiple traits in a traitbased approach revealed a significant functional turnover Table 1 . List of environmental, urbanization and spatial variables selected as significant predictors (p  0.05) for each biodiversity dimension considered (i.e. taxonomic, single trait, multi-trait, and phylogenetic dimension). Values refer to the adjusted-R 2 ; ns  not selected according to the two-step forward selection criteria as proposed by (Blanchet et al. 2008 along the urbanization gradient ( adj R 2  0.13, p  0.001). This shift in traits was accompanied by a strong phylogenetic turnover along the gradient of built-up area ( adj R 2  0.15, p  0.001), with large Daphniidae species dominating in less urbanized ponds and small Chydoriidae species dominating in more urbanized systems (Fig. 2 , see also Supplementary material Appendix 1 Fig. A2b ).
Are trait and phylogenetic-based metacommunity approaches more informative than a taxonomic-based one?
Combining environmental, urban and spatial drivers of metacommunity assembly revealed that the informative power (i.e. total adj R 2 ) obtained through variation partitioning was highest for the phylogenetic approach ( adj R²  0.51), followed by the multi-trait (0.50), single-trait (0.43) and then taxonomic approach (0.12) (Fig. 3) . Additionally, phylogeny, multi-trait and single-trait (i.e. body size) metrics significantly explained variation in the residuals of the best performing RDA model using environmental, spatial and urban-related variables on species composition (i.e. taxonomic approach; Supplementary material Appendix 1 Fig. A3 ). This finding indicates that accounting for traits and/or phylogeny improved predictions of environmental and spatial drivers of community assembly. 
Are there differences in the relative influence of environmental, urban and spatial processes on each facet of biodiversity?
Variation partitioning revealed some differences in the relative importance of urbanization, environmental and spatial factors in explaining different b-diversity dimensions (Fig. 3) . Pure environmental processes better explained multi-trait, phylogenetic, and taxonomic b-diversity patterns than the pure effects of urbanization and spatial processes (Fig. 3) . The pure effects of urbanization, environment and space similarly explained body size variation (Fig. 3) . The pure effects of urbanization and spatial processes were still highly significant in explaining multi-trait, phylogenetic and taxonomic b-diversity (Fig. 3) . Clearly, there was a large amount of shared effects between environmental and spatial processes in explaining all b-diversity dimensions. To a lesser extent, urbanization and spatial factors overlapped in their power to explain trait and phylogenetic b-diversity patterns. Finally, there was an overlap among all explanatory factors (i.e. urbanization, environmental and spatial factors) in explaining trait and phylogenetic, but not taxonomic, b-diversity patterns (Fig. 3) .
Despite of differences in explanatory power, there was a large agreement among the environmental variables selected as important predictors of all b-diversity dimensions (i.e. taxonomic, single-trait, multi-trait and phylogenetic) ( Table 1 ). The RDA analysis revealed that species composition varied mainly as a function of a gradient of phosphorus, which was inversely related with the urbanization gradient and chlorophyll a on the first axis (Fig. 4) . On the second axis, macrophyte infestation was negatively associated with pond area. Clearly, species of the Daphniidae family, which are relatively larger, pelagic and filter feeder species, were positively associated with total phosphorus and negatively associated with chlorophyll a and urbanization (Fig. 4) . The opposite pattern was observed for the Chydoriidae species, which are relatively small, scrapers and plant associated. Percentage of built-up area for 50 m radius was the only urbanization variable explaining a significant variation in all biodiversity dimensions (Table 1) .
Discussion
In this study we applied a multidimensional approach including taxonomic, trait, and phylogenetic data to study cladoceran zooplankton metacommunity assembly along urbanization gradients. This integrated approach revealed a strong and highly significant body size turnover along the urbanization gradient. The pattern of body size turnover was accompanied by a significant phylogenetic and multi-trait turnover along the urbanization gradient, but only when urbanization was quantified at the smallest spatial scale considered (i.e. 50 m radius). Specifically, small Chydoriidae species dominated in more urbanized systems whereas large Daphniidae species prevailed in less urbanized ponds. Taking together, the patterns of functional trait and phylogenetic turnover along the urbanization gradient support our first hypothesis that a shift in the dominant assembly processes from size-mediated competition in less urbanized systems to habitat filtering in more urbanized systems shapes trait and phylogenetic patterns along urbanization gradients (see also conceptual Fig. 1a) . We also found that accounting for phylogenetic and trait distances in metacommunity analyses strongly increased the explanatory power provided by environmental, spatial and urban-related variables compared to a more traditional taxonomic approach. This supports the idea that trait and phylogenetic-based approaches better approximate ecological similarities and differences among species and, therefore, have the power to provide more accurate predictions of the drivers of (meta)community assembly.
In the studied regional metacommunity of cladoceran zooplankton, all three measured traits (body size, filtration type and the degree of macrophyte association) were highly conserved along the phylogeny. This resulted in highly concordant trait and phylogenetic patterns along the studied gradients. Different results were found for terrestrial plants along urbanization gradients in Germany (Knapp et al. 2008) and for ant metacommunities along gradients of forest habitat conversion (Liu et al. 2016) , in which cases functional trait and phylogenetic patterns were completely uncoupled. The observed patterns of functional trait and phylogenetic turnover along urbanization gradients are in line with our predictions that harsh environmental conditions associated with urban areas filter out species from local communities [supporting hypothesis (1)]. Large zooplankton species are known to be more vulnerable to high temperatures and pollutants (Moore and Folt 1993, Symons and Shurin 2016) . In our studied metacommunity of ponds and shallow lakes, there is evidence for increased water temperatures in ponds located in more urbanized areas (Brans et al. 2017 ). The higher temperatures in more urbanized ponds and perhaps also other unmeasured anthropogenic pressures, such as pollution, could have acted as a filter and selected against larger species in our study system, thus resulting in significant pure effects of urbanization on body size and phylogenetic turnover ( Fig. 3 and 4) . Conversely, a number of studies have reported that competition tends to be stronger in more benign environments (Mayfield and Levine 2010, HilleRisLambers et al. 2012) . Competition among zooplankton species is often size mediated, as numerous studies have demonstrated that large zooplankton species are stronger competitors and tend to competitively exclude smaller species from local communities (Brooks and Dodson 1965 , Dodson 1974 , Shurin 2001 , Symons and Shurin 2016 . Hence, it is likely that increased competition in less urbanized ponds mediated the dominance of large species in those systems, whereas small species that are weaker competitors increased in abundance in more urbanized systems, owing to competition release mediated by habitat filtering involving the elimination of larger species in more urbanized systems. Previous studies have suggested that accounting for traits and/or phylogenetic distances among species could provide more accurate predictions of environmental and spatial drivers of community assembly by approximating species niches (McGill et al. 2006 , Peres-Neto et al. 2012 , Spasojevic et al. 2014 . We tested this idea along urbanization gradients and found that accounting for trait and phylogenetic distances among species increased the explanatory power of the analyses substantially [supporting hypothesis (2)]. First, when we analyzed b-diversity patterns exclusively along the urbanization gradient, we found a stronger body size turnover than a phylogenetic, multi-trait, and taxonomic turnover (Table 1) . This indicates that species responses along the urbanization gradient were mainly size mediated and that including other traits or phylogeny in the analysis dilutes the explanatory power of the analysis. Other studies have similarly reported that accounting only for the best single trait associated with a given environmental gradient or spatial scale can maximize the power of community analysis compared to multi-trait analysis (Butterfield et al. 2013 , Gianuca et al. 2016a ). This likely reflects confounding effects among traits that are associated with different structuring mechanisms.
Interestingly, when we analyzed b-diversity patterns along more complex, multivariate gradients, we observed that the explanatory power of the analyses increased with metric complexity from single-trait to phylogenetic and multi-trait indices. The fact that in our study the power of the analyses increases with metric complexity suggests that measured traits that are conserved along the phylogeny actually reinforce each other's signal along the sampled environmental and spatial gradients. This suggests that different species with similar trait combinations respond in similar ways along the complex environmental and spatial gradients, so that directly accounting for several traits instead of only for species identities maximizes the correlation between measured environmental factors and b-diversity patterns. Therefore, our results indicate that apparently idiosyncratic species responses to the sampled gradients are in fact largely trait-and phylogenetically mediated. This was also supported by our residual analysis (Supplementary material Appendix 1 Fig. A3 ). This indicates that urbanization mainly affects species composition through body size constraints, while phylogeny and several other traits better represent species responses along more complex environmental gradients in our dataset. This was not the pattern observed by Gianuca et al. (2016a) along gradients associated with agricultural land use intensity, in which phylogenetic approaches were always outperformed by approaches that account only for the best single zooplankton trait. Yet, Gianuca et al. (2016a) similarly found that taxonomic based approaches are less effective in revealing environmental and spatial drivers of metacommunity organization than approaches informed by traits and phylogeny. The reduced effectiveness of taxonomic-based analysis was not dependent on the approach used (i.e. Hellinger-transformed or Bray-Curtis followed by PCoA), suggesting that trait and phylogenetic data indeed better represent species responses along urbanization, environmental and spatial gradients [see also Supplementary material Appendix 1 and Gianuca et al. (2016a) ].
Despite differences in overall explanatory power provided by variation partitioning analysis on taxonomic and trait or phylogenetic approaches, the same subset of environmental and urban-related variables was repeatedly selected as the most important drivers of all b-diversity dimensions [at odds with hypothesis (3) for this data-set; Table 1 ]. This subset of variables included phosphorus, chlorophyll a, macrophytes, and percentage of built-up area for the 50 m radius. Particularly, we found that total phosphorus was consistently the best environmental predictor of all b-diversity dimensions and that Daphniidae species were positively associated with phosphorus (Fig. 4) . In general, Daphniidae are larger than Chydoriidae and previous studies have already reported a positive relationship between phosphorus and zooplankton body size (Tillmann and Lampert 1984, Dodson et al. 2000) . However, it is not entirely clear if the negative association between small Chydoriidae species and phosphorus in our dataset is entirely size-mediated, for instance reflecting competitive exclusion by large Daphniidae species (Dodson et al. 2000) , or rather dependent on other traits that are conserved along the phylogeny. For instance, all Chydoriidae species are scrapers and macrophyte associated (Barnett et al. 2007 ) and we found a negative relationship between macrophytes and phosphorus. Consequently, the negative association between Chydoriidae and phosphorus could also be driven by the absence of macrophytes in ponds with very high nutrient concentrations. The genus Simocephalus is the only taxon of the Daphniidae that evolved to be plant associated. The two Simocephalus species in our dataset were not positively associated with phosphorus, whereas other similar-sized Daphniidae species do show a strong positive response to the phosphorus gradient. Therefore, our analysis reveals that the association between phosphorus and body size might be, at least in part, driven by additional correlated traits that are conserved along the phylogeny, such as the degree to which species are plant associated and their feeding strategy (e.g. scrapers or filter feeders). The latter helps to explain why the power of the analysis increases from pure size information towards more complex multi-trait and phylogenetic information along multiple environmental gradients in our dataset.
The pure effect of spatial processes on trait and phylogenetic b-diversity suggests that dispersal limitation or unmeasured but spatially structured environmental variables were affecting species distributions. The lack of spatial signal on taxonomic patterns suggests that dispersal limitation or the association with unmeasured environmental variables is probably mediated by the measured traits (Saito et al. 2015) , of which body size may be a strong candidate. The strong pure effect of urbanization on functional traits and phylogenetic patterns indicates that some unmeasured variables potentially change along the urbanization gradient and affect b-diversity. Good candidate variables may be temperature regimes (which was not measured in this study through time, but as a single measure during the sampling day) and different types of pollution, such as heavy metals and pesticides.
Local environmental processes were overall the most important drivers of b-diversity patterns either as pure effects or shared with other factors (Fig. 3) . This indicates that correctly managing environmental conditions within ponds has the power to counteract selection pressures imposed by regional-scale urbanization on biodiversity. Moreover, the only spatial scale at which urbanization was actually relevant in determining all biodiversity dimensions was 50 m radius around the ponds (i.e. the smallest spatial scale considered). This is in agreement with earlier studies (Declerck et al. 2006) and implies that buildings in the immediate vicinity of the ponds affect zooplankton species distributions (Brans et al. 2017 ). Other studies reported evidence for heat accumulation due to the low reflectance of urban structures and impervious surfaces, thereby inducing runoff of hot water into streams and ponds (Somers et al. 2013 , Taleghani et al. 2014 ). Urban green space such as parks are known to alleviate the urban heat island effect, as they provide a microclimate thanks to the evaporation and shading effect of trees (Hamada and Ohta 2010) . In this way they create a so-called Park cool-island (Kleerekoper et al. 2012) , with the size of the green areas determining the magnitude of the cooling effect (Chang et al. 2007 , Li et al. 2011 . Given that body size is a very responsive trait along urbanization gradients and that large-bodied zooplankton are superior grazers that may be more efficient in reducing algal biomass, a useful conservation strategy is to create a belt of green area around each urban pond, which can potentially alleviate the heatisland effect and mitigate the physiological stress imposed by high temperatures on large zooplankton species (Moore and Folt 1993, Brans et al. 2017 ). Although we used a correlative approach, our study actually provides a glimpse on the potential functional consequences of body size shifts along urbanization gradients. For instance, we observed a negative correlation between phosphorus concentration and chlorophyll a along the urbanization gradient, which may seem counterintuitive at first sight because phosphorus is a key nutrient inducing phytoplankton production. However, such a negative correlation potentially reflects the predominance of larger, superior grazer species in ponds with high phosphorus concentration, which results in a reduction of chlorophyll a in those systems via top-down control of algae (Fig. 4) (Gianuca et al. 2016b) .
Our analyses are based on a single sampling campaign, and seasonal variation was not covered. Our analyses may therefore underestimate the influence of urbanization on cladoceran communities earlier or later in the season. We did not, however, observe any influence of sampling date on community composition in our data set (May-July; Supplementary material Appendix 1), and others have reported that cladoceran communities tend to be relatively stable during summer months (Boven and Brendonck 2009) . Therefore, we are confident that our analysis captures relevant patterns of strong habitat filtering on cladoceran zooplankton trait composition along urbanization gradients that at least hold for the summer season. Our results are also in line with earlier work on zooplankton community structure in urban ponds that were carried out in different regions and seasons or involved monitoring through time (Rusak et al. 2002 , Walseng et al. 2006 , Mimouni et al. 2015 .
In summary, we found that increasing urbanization is not only affecting species composition in ponds but it is also altering the functional composition and the evolutionary history of the entire metacommunity. Largely in line with our predictions, more natural systems were dominated by large, superior competitor species, whereas increased urbanization resulted in a dominance of small cladocerans. This suggests that urbanization affects community assembly via strong habitat filtering against large zooplankton species, which are in general of the Daphniidae family in our study. These findings have important implications for conservation and the maintenance of ecosystem functions under a scenario of increasing urbanization, especially because large-bodied species, which are stronger competitors and grazers on algae, are the first to be eliminated from highly urbanized ponds. Therefore, we suggest that in order to preserve high levels of ecosystem functioning in urbanized ponds, conservation strategies should target environmental conditions that guarantee the persistence of larger zooplankton species in urban ponds. Noteworthy, the vast majority of the sampled ponds in this study were fishless, so our results suggest that removing fish from city ponds will not be enough in order to preserve larger zooplankton species in urban ponds. Thanks to our hierarchical sampling design, we were also able to demonstrate that the negative effect of urbanization on larger zooplankton species only occurs at the smallest spatial scale considered (i.e. 50 m radius) and rapidly disappears when urbanization is measured at larger spatial scales. Therefore, maintaining green areas around city ponds can potentially guarantee the persistence of larger zooplankton species and, consequently, the maintenance of high levels of ecosystem processes such as top-down control of algae and herbivorous biomass production. The multidimensional approach we applied here is especially useful to understand how different facets of biodiversity will respond to increasing anthropogenic pressures, such as those associated with urbanization or agricultural land use intensity.
